The theoretical upper limit of moire interferometry is approached as the reference grating pitch approaches X/2 and its frequency approaches 2/X. This work demonstrates the method at 97.6% of the theoretical limit. A virtual reference grating of 4000 lines/mm (101,600 lines/in.) was used in conjunction with a phase type reflection grating of half of that frequency on the specimen. Sensitivity was 0.25,gm/fringe (9.8 pin./fringe). In-plane displacement fringes of excellent definition were obtained throughout the 76 X 51-mm (3 X 2-in.) field of view. They were very closely packed, exhibiting a maximum fringe density of 24 fringes/mm (610 fringes/in.). Effectiveness of moire interferometry near the theoretical limit was proved.
Introduction
Sensitivity of displacement measurements by moire interferometry increases with the frequency f of the reference grating. A frequency of f = 1200 lines/mm or 30,000 lines/in. was used in Refs. 1-3 and 1700 lines/mm (43,000 lines/in.) in Ref. 4 . Real 2 3 and virtuall 4 reference gratings were employed. While moire interferometry has been applied very successfully with the above cited reference grating frequencies, an upper limit has not been established. The purpose of this work is to demonstrate that moire interferometry is effective even as it approaches its theoretical upper limit. for moire interferometry; other equivalent arrangements may be used. The specimen is illuminated symmetrically with two mutually coherent collimated beams at angles a and -a, where
2 and where X is the wavelength of light employed. Intersection of the two beams generates a virtual reference grating comprised of walls of constructive and destructive interferences where the distance between adjacent walls is g, and the frequency of the virtual
The specimen is prepared with a diffraction grating of frequency f/2 by a relatively easy replication process. 1 ' 6 The combination of a virtual reference grating of frequency f and a specimen grating of frequency f/2 is a case of moire fringe multiplications by a factor of 2.
The local frequency and orientation of the specimen grating changes from point to point when the specimen is loaded or otherwise deformed, but the virtual reference grating remains unchanged.
Two beams diffracted by the specimen grating in its +1 and -1 diffraction orders emerge essentially normal to the grating and enter the camera. They combine in two-beam interference to generate the moire interferometry pattern of specimen displacements. Fringe order N at a point in the moire interferometry pattern is proportional to the displacement U of the same specimen point. Specifically, (2) where U is the component of in-plane specimen displacement in a direction perpendicular to the lines (or walls) of the reference grating, and f is the frequency of the reference grating.
H1. Theoretical Limit Equation (1) prescribes that the upper limit of reference grating frequency is approached as angle a approaches 90°. In the limit its frequency is f = 2/X and its pitch is g = X/2.
In the experiment described below angle a was 77.4°.
Since sin77.4' = 0.976, the frequency and corresponding sensitivity was 97.6% of the theoretical limit.
The Ar laser line of wavelength X = 488 nm was used, not because high power was required but because a low visible wavelength was desired. With this combination of a and X, frequency of the virtual reference grating was f = 4000 lines/mm = 101,600 lines/in. adjusted for 1:1 magnification and for a focused image of the specimen on the camera screen; and the system was aligned to produce a sparse pattern of moire interferometry fringes. Tensile loads were applied to the specimen, and the pattern was photographed on Kodak Contrast Process Ortho film.
The moire interferometry fringes over the entire 76-X 51-mm area were well-resolved on the film, but they could not be seen with the naked eye. Magnified views are shown in Fig. 3 for the two areas defined by dashed lines in Fig. 2 . 
III. Specimen and Specimen Grating
The specimen was a tensile plate of polymethyl The grating was formed on the specimen by a replication method using a specially prepared master grating as a mold. 6 The master grating was a photographic plate (Kodak HRP type TE) exposed at the intersection of two collimated beams of coherent light; frequency of the resultant grating is given by Eq. (1). After the plate was developed, bleached, and dried, the unexposed zones (destructive interference zones) exhibited less shrinkage than the exposed zones, causing a lenticulated or corrugated surface of the photographic emulsion with ridges and troughs of predetermined pitch and frequency. The master grating was then coated with a semitransparent film of evaporated aluminum.
For replication an acrylic adhesive (NOL-61, Norland Products Inc., New Brunswick, N.J.) was poured as a small puddle on the specimen, and the master grating was pressed against it to squeeze the adhesive into a thin film of 0.02-mm (0.001-in.) thickness. The adhesive was polymerized by irradiation with ultraviolet light from the master grating side of the assembly. After polymerization only gentle prying was necessary to separate the master grating from the specimen. The weakest interface, however, was between the photographic emulsion surface and the evaporated aluminum, so the aluminum coating adhered to the acrylic cement and was thus transferred to the specimen. 6 The resulting specimen grating was a furrowed surface with a thin aluminum coating-it was a phase type reflection grating on the specimen.
IV. Experiment and Results
Figure 1 depicts the experimental arrangement, except that angle a was much larger, namely, 77.60. The incident collimated beam was formed by an Ar laser (emitting its 488-nm wavelength), a spatial filter, and a parabolic mirror. The specimen was installed in a loading fixture and positioned as shown; the camera was The fringes have excellent contrast or definition even where they are very closely spaced. The maximum fringe density at the hole is 24 fringes/mm (610 fringes/in.). Fringe orders in the field of view are extremely high.
Sensitivity to in-plane displacements corresponds to that of moire, with 4000 lines/mm (101,600 lines/in.) or a sensitivity of 0.25 gm/fringe (9.8 tin./fringes). If the application should warrant it, fringes can be interpolated to yield an order of magnitude finer resolution.
V. Conclusions
Moire interferometry with a reference grating frequency of 4000 lines/mm (101,600 lines/in.) was demonstrated. This corresponds to 97.6% of the theoretical upper limit of frequency and 97.6% of the theoretical upper limit of sensitivity. Excellent fringe definition was obtained over the entire large field of view. The displacement-induced fringes were very closely packed and had very high information content. They prove that the range of effectiveness of moire interferometry extends close to the theoretical limit.
In moire interferometry fringe quality corresponds to that characteristic of two-beam interference with coherent light. It is free of important limitations of a related method, high-sensitivity speckle interferometry, 7 inasmuch as it offers extensive range (large displacements permitted), high and constant fringe contrast (independent of fringe order), and nonlocalization 
